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ABSTRACT 

The SNAP-8, SN-1 boiler which was designed and fabricated by 

NASA was performance tested for 13,500 hours by GE-NSP. After testing 

the boiler was removed from the test facility and the boiler materials 

were evaluated. The evaluation indicated excellent compatibility of 

the boiler materials with liquid metals at high temperatures and all 

indications point to the design life capability of 40,000 hours. 
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I .  INTRODUCTION 

The SNAP-8, SM-1 Boiler was designed and f a b r i c a t e d  by NASA a t  t h e  

Lewis Research C e n t e r ,  Cleveland, Ohio. The b o i l e r  was de l ive red  t o  

GE-NSP i n  December 1967 f o r  performance t e s t i n g  which was i n i t i a t e d  i n  

February 1968. The b o i l e r  success fu l ly  completed 13,500 hours of test-  

ing  wi th  only t h r e e  shutdowns f o r  r e p a i r s .  (1-3) 

t h e  t e s t  program, t h e  b o i l e r  was removed from t h e  t e s t  f a c i l i t y  f o r  

pos' t test  me ta l lu rg ica l  eva lua t ion ,  t h e  r e s u l t s  of which a r e  descr ibed 

A t  t h e  completion of 

i n  t h i s  r e p o r t .  

11 ( l )Ed i t ed  by R.  D.  Brooks, SNAP-8 Refractory Bo i l e r  Development, Summary 
Report of t h e  February 17, 1968 Bo i l e r  Fa i lu re , "  NASA Contract  NAS 3- 
10610, GESP-118, Apr i l  2 5 ,  1968. 

("R. A .  F u l l e r ,  W. F. Zimmerman, "Report of t h e  May 31, 1968 SNAP-8, 
SN-1 Bo i l e r  F a i l u r e  , GESP-230 

(3)R. A .  Fuller, W. F. Zimmerrnan, 
SN-1 Boiler F a i l u r e ,  GESP-231 e 

11 Report of t h e  August 20, 1968 SNAP-8, 
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II. BOILER EVALUATION 

A .  PROCEDURE 

A complete nondes t ruc t ive  and d e s t r u c t i v e  eva lua t ion  of t h e  SN-1 

boiler was conducted. The following i t e m s  of t h e  b o i l e r  were thoroughly 

examined: t h e  i n l e t  and o u t l e t  Ta/316 SS b i m e t a l l i c  j o i n t s ,  t h e  i n l e t  

and o u t l e t  tantalum dished heads and header p l a t e s ,  two s t a i n l e s s  s t e e l -  

tantalum tube p a i r s ,  t h e  tantalum plugs,  the  Ta-1OW t u r b u l a t o r  w i r e ,  

and the  zirconium g e t t e r  f o i l .  The techniques employed t o  eva lua te  these  

b o i l e r  m a t e r i a l s  included: v i s u a l ,  dimensional, and dye pene t r an t  inspec- 

t i o n s ;  chemical a n a l y s i s ;  metal lographic  examination microhardness 

measurements; X-ray d i f f r a c t i o n ;  X-ray f luorescence;  and microprobe 

ana lys i s .  

B. SECTIONING OF SNAP-8 SN-1 B O I m R  

Upon completing t h e  endurance t e s t i n g  of t h e  SNAP-8, SN-1 test 

b o i l e r  and securing t h e  SNAP-8 test  f a c i l i t y ,  t h e  b o i l e r  was c u t  from 

t h e  f a c i l i t y  and removed for t he  d e s t r u c t i v e  evaluat ion.  Visual examina- 

t i o n  of t h e  b o i l e r  revealed it  t o  be i n  good condi t ion,  and s e c t i o n i n g  

of t h e  b o i l e r  was i n i t i a t e d .  

The i n i t i a l  c u t s  f o r  s ec t ion ing  of t h e  b o i l e r  were made a t  t h e  

mercury i n l e t  a s  shown i n  Figure 1. The f i rs t  c u t  was made through t h e  

o u t e r  s t a i n l e s s  steel  s h e l l  j u s t  forward of t h e  header on t o  which t h e  

bellows was w e l d e d .  The snap r i n g  was then removed from t h e  bear ing 

housing and t h e  f i r s t  s e c t i o n  was s l i d  off  t h e  end of t h e  1-inch-OD 

s t a i n l e s s  s teel  tube exposing t h e  bellows. The bellows appeared t o  be 

i n  e x c e l l e n t  condi t ion a s  can be seen i n  Figure 1. The second c u t  was 

made a t  the  f r o n t  end of the  bellows while  t he  t h i r d  cu t  was made through 

the  o u t e r  s t a i n l e s s  steel s h e l l  j u s t  forward of the s t a i n l e s s  steel  

header. This second s e c t i o n  of the  o u t e r  s t a i n l e s s  steel s h e l l  w i t h  

bellows at tached was s l i d  o f f  t h e  end of t h e  i n n e r  tube exposing t h e  

coextruded j o i n t  and tantalum header, Some a l k a l i  metal  oxide was 

present  bu t  i t  was e a s i l y  removed by wiping wi th  a damp cloth.  This  

3 



s e c t i o n  before  and a f t e r  c leaning  i s  shown i n  Figure 2. The zirconium 

g e t t e r  bundle which was wrapped around the  coextruded j o i n t  and 

exposed t o  the s t a t i c  NaK is  shown i n  Figure 3. The zirconium f o i l  was 

very b r i t t l e  and ana lys i s ,  shown i n  Table I, ind ica ted  it t o  be very 

high i n  hydrogen (3800 to  4800 pprn). Although t h e  source of t h i s  high 

hydrogen concent ra t ion  i s  not c l e a r ,  the contamination could have occurred 

a s  a r e s u l t  of moisture i n  the  a i r  r e a c t i n g  with r e s i d u a l  NaK remaining 

on the  f o i l  a f t e r  t h e  b o i l e r  shutdown. A pickup of approximately 200 ppm 

oxygen was a l s o  noted. 

A t  t h e  e x i t  end of t h e  b o i l e r ,  t h e  s t a i n l e s s  steel s h e l l  was removed 

exposing the  tantalum header,  dished head, and zirconium g e t t e r  bundle 

around the  brazed b i m e t a l l i c  j o i n t .  A s  shown i n  Figure 4, no NaK oxide 

was present ,  and t h e  p a r t s  looked very clean.  The zirconium g e t t e r  

bundle un l ike  the  one a t  t h e  i n l e t  was d u c t i l e .  Chemical ana lys i s  r e s u l t s  

shown i n  Table I ind ica ted  a pickup of 1000 t o  3000 ppm oxygen but  no 

pickup of hydrogen, such as  t h a t  found i n  t h e  g e t t e r  bundle a t  the  b o i l e r  

i n l e t ,  was noted. The oxygen pickup i s  understandable  s i n c e  t h e  g e t t e r s  

purpose was t o  remove oxygen from the  NaK and the  r e a c t i o n  r a t e  would be 

higher  a t  the  h igher  temperature a t  t h e  b o i l e r  e x i t  (NaK i n l e t ) .  

A f t e r  removing the  zirconium get ter  bundles, t h e  coextruded j o i n t  

and dished head a t  the  b o i l e r  i n l e t  and t h e  brazed joint and dished 

head a t  t h e  e x i t  were removed by c u t t i n g  through t h e  welds between the  

tantalum header and t h e  d i s h e d  head. Some mercury amalgam was observed 

on the  f a c e  of t h e  tantalum header and t h e  I D  of t h e  tantalum dished 

head a t  t he  i n l e t  but t h e  I D  su r f aces  exposed t o  mercury a t  t he  e x i t  

were very clean.  By c u t t i n g  through t h e  s t a i n l e s s  s t e e l  and tantalum 

tube p a i r s  j u s t  fol lowing t h e  s t a i n l e s s  steel headers,  both header p l a t e s  

a t  t h e  i n l e t  and e x i t  were removed from the  tube bundle. A l ayout  of 

a l l  t h e  components of the sect ioned b o i l e r  i s  shown i n  Figure 5. 

The o u t e r  s t a i n l e s s  steel s h e l l  was removed by making c i r cumre ren t i a l  

c u t s  every 4-5 f e e t  and then s l i d i n g  t h e  s e c t i o n s  off t h e  tube bundles. 

In general ,  t he  tube bundles appeared very c lean  although some a l k a l i  

metal  oxide was noted a t  t h e  NaK e x i t .  This  oxide f i l m  was e a s i l y  

removed by wiping w i t h  a damp c l o t h ,  Af t e r  c leaning  i n  t h i s  manner, 

t h e  tubes appeared very b r igh t  and shiny except  i n  the  p lug  region where 

they appeared t o  be oxidized.  

4 



TABLE I 

CHEMICAL ANALYSIS OF ZIRCONIUM GETTER F O I L  FROM THE STATIC NaK SYSTEM 

LOCATION 

INLET - 
OUTER LAYER 

MIDDLE LAYER 

INNER LAYER 

EXIT - 
OUTER LAYER 

INNER LAYER 

PRETEST 

0 - 

960 

1061 

1060 

1729 

4284 

790 

N 
I_ 

172 

208 

167 

21 4 

381 

25 

H - C - 

4875 104 

3802 90 

391 7 157, 176 

13 101 

12 168 

7 109 

IS-17 

5 



Two s t a i n l e s s  s teel- tantalum tube p a i r s  were removed from the  

b o i l e r  f o r  evaluat ion.  Viewing the  tubes from the  mercury i n l e t  header, 

t h e  tube located a t  11 o'clock po,s i t ion (which w i l l  be designated a s  

Tube A) and t h e  tube located a t  the  5 o'clock p o s i t i o n  (which w i l l  be 

designated a s  Tube B) were selected. These tubes a r e  from t h e  h o t t e s t  

(Tube A) and coo le s t  (Tube B) a r eas  of t he  b o i l e r  a s  i nd ica t ed  during 

t e s t i n g  by thermocouples a t tached t o  t h e  o u t e r  s h e l l .  The selected 

tubes were removed by c u t t i n g  i n t o  s e c t i o n s  measuring approximately 

6 f e e t  i n  length and s l i d i n g  each s e c t i o n  from t h e  tube bundle, The 

i nne r  tantalum tube was then removed from t h e  o u t e r  s t a i n l e s s  steel  

tube.  Dimensional measurements along t h e  length of t he  tube a t  approxi- 

mately three-foot  i n t e r v a l s  were made. These measurements, shown i n  

Table 11, i n d i c a t e  no d i s t o r t i o n  of the  tubes during test .  

A f t e r  removal from t h e  b o i l e r ,  t h e  tubes were s p l k t  l ong i tud ina l ly .  

Subsequent v i s u a l  examination of the tubes ind ica t ed  some d i s c o l o r a t i o n  

or s t a i n  a s  shown i n  Figures  6 and 7 but no s i g n s  of degradation. A 

l i g h t  gray depos i t  was observed on t h e  I D  of t he  tantalum tubes  through- 

out t h e  b o i l e r  i n  t h e  vapor region. A darker  gray depos i t  shown i n  

Figure 8 was observed on t h e  I D  s u r f a c e  of t h e  tantalum tube a t  t h e  

e x i t  of t h e  plug s e c t i o n .  

The tantalum tubes from each p lug  tube assembly were s l i t  longi-  

t u d i n a l l y  and removed from t h e  plug. Discolorat ion or s t a i n i n g  of t h e  

tube and plug w e r e  noted but no apparent degradation. The sect ioned 

assembly i s  shown i n  Figure 9. Dye pene t r an t  i n spec t ion  of t h e  b o i l e r  

revealed no d e f e c t i v e  w e l d s .  Dimensional i n spec t ion  of t h e  va r ious  

p a r t s  of t he  b o i l e r  i nd ica t ed  no d i s t o r t i o n .  

C, EVALUATION OF STAINUSS STEEL PARTS 

1. Outer 316 S t a i n l e s s  S t e e l  S h e l l  

The v i s u a l  appearance of t h e  o u t e r  316 s t a i n l e s s  steel shell a f t e r  

removal from t h e  test f a c i l i t y  was good; however, i t  was observed t h a t  

t he  she l l  appeared more b r i t t l e  than normal when c u t t i n g  it  wi th  a 

tubing c u t t e r  during t h e  sec t ion ing  of  t h e  b o i l e r .  Although t h e  ac t ion  

of t h e  tubing c u t t e r  normally tends t o  work harden t h e  m a t e r i a l  ( e s p e c i a l l y  

thick-walled tubing)  and causes a b r i t t l e  f r a c t u r e  before  c u t t i n g  a l l  

t h e  way through, it was not iced t h a t  a f t e r  c u t t i n g  about h a l f  way through 

6 



DIMENSIONAL MEASUREMENTS OF STAINLESS STEEL - TANTALUM TUBE PAIRS 

Distance from D i  amet e r Diameter 
S ta in l e s s  S tee l  S t a in l e s s  S t e e l  Tantalum 
Header a t  Boi ler  Tube, Inches Tube, Inches 

D 90" t o  D 
-2 1- 

D , 90" t o  D1- D 
-2 -1- 

I n l e t ,  Feet D -1- 

0.5 
1.5 
3.0 
6.0 
9.0 

12.0 
15.0 
18.0 
21.0 
24.0 
27.0 
30.0 
33.0 
36.0 

0.5 
1.5 
3.0 
6.0 
9,o 

12.0 
15.0 
1 8 , O  
21.0 
24.0 
27.0 
30.0 
33.0 
36.0 

- 
1.046 
1.011 
1.007 
1.006 
1.005 
1 e 006 
1.006 
1.007 
1.010 
1.011 
1 * 011 

- 
1.062 
1.024 
1,007 
1.006 
1.007 
1.001 
4. e 004 
1.002 
1 e 006 
1 * 009 
1 a 004 

TUBE P A I R  

0.875 
0.890 
0.889 
0.920 
0.982 
0.993 
1.000 
1.004 
1.010 
1 a 010 
1.010 
1.011 
1.010 
1.002 

TUBE PAIR B(b) 

0.861 
0.877 
0.876 
0.887 
0.957 
0.988 
0.998 
1.001 
1 a 006 
1.003 
1.010 
1.012 
1.012 
1,005 

0.739 
. O .  738 
0.738 
0.726 
0.720 
0.738 
0.739 
0.728 
0.731 
0.734 
0.736 
0.737 
0.734 
0.734 

0 740 
0.739 
0.740 
0.719 
0.746 
0.735 
0.742 
0.723 
0 e 730 
0 e 728 
0 e 739 
0.727 
0,730 
0.745 

0.739 
0.739 
0.739 
0,764 
0.772 
0.763 
0.758 
0 e 766 
0.766 
0.762 
0.760 
0.761 
0 e 764 
0.760 

0.740 
0.740 
0.740 
0.770 
0.731 
0.765 
0.761 
0.768 
0.766 
0.766 
0.758 
0.767 
0.765 
0.756 

( a )  Tube pa i r  from h o t t e s t  pos i t ion  i n  bo i l e r .  

(b)  Tube p a i r  from cooles t  pos i t ion  i n  bo i l e r .  
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t he  w a l l  t h e  p re s su re  from t h e  tubing cu t t e r  would cause t h e  remaining 

po r t ion  of t h e  w a l l  t o  crack. 

Metallographic examination of a specimen taken from t h e  o u t e r  she l l  

near  t h e  NaK i n l e t  showed an almost continuous g r a i n  boundary p r e c i p i t a t e ,  

a s  shown i n  Figure 10, which could a t t r i b u t e  t o  the  b r i t t l e  behavior.  

T h i s  p r e c i p i t a t e  i s  most l i k e l y  M C type of ca rb ide  phase. M e t a l l c -  23 6 
graphic examination of t h e  OD and I D  s u r f a c e s  of t h e  s h e l l  revealed 

nothing unusual a s  f a r  a s  co r ros ion  or ox ida t ion  were concerned. Hard -  

ness  t r a v e r s e  ac ross  t h e  w a l l  showed no s i g n i f i c a n t  hardness g rad ien t  

a s  shown i n  Figure 11. 

A bend specimen c u t  from t h i s  same a rea  of t h e  b o i l e r  was bent w i t h  

t h e  I D  i n  t ens ion  over  a It rad ius  and cracked a f t e r  100' bend. 

men from t h e  o u t e r  s h e l l  Of t h e  BRIX-2 b o i l e r  (tested a t  Aerojet  General) 

was a l s o  tested. This specimen bent under t h e  same condi t ions a s  t h e  

previous specimen from SN-1 b o i l e r  s h e l l ,  bent a f u l l  1 0 5 O  wi thout  cracking. 

The two specimens are shown i n  Figure 12. The BRDC-2 b o i l e r  was operated 

for a t o t a l  of 8700 hours while  t h e  SN-1 b o i l e r  was operated f o r  a t o t a l  

A speci-  * 

of 15,000 hours. There apparently w a s  some loss of d u c t i l i t y  of t he  

SN-1 316 s t a i n l e s s  steel  o u t e r  s h e l l  ma te r i a l ,  but i t  does not  appear t o  

be de t r imen ta l  t o  b o i l e r  operat ion.  However, a s  test t i m e  is  accumulated 

the d u c t i l i t y  of a given b o i l e r  s h e l l  may continue t o  decrease. 

2. S t a i n l e s s  S t e e l  Piping Separat ing Flowing and S t a t i c  NaK 

One-inch-OD x 0.035-inch-wall 321 s t a i n l e s s  s teel  tubing w a s  used 

t o  contain the  s t a t i c  NaK around the  tantalum tubes and sepa ra t e  it from 

t h e  flowing NaK system. These tubes w e r e  w e l d e d  a t  both ends t o  s t a i n -  

less s teel  header p l a t e s  which i n  t u r n  were welded t o  t h e  o u t e r  s h e l l .  

The appearance of the  tubing, a f t e r  removal of t h e  o u t e r  shel l ,  was 

b r igh t  and c l ean  except i n  t he  plug region which was coated wi th  NaK 

oxide. This  oxide was e a s i l y  removed with a damp c l o t h  but t h e  su r face  

beneath was dark gray i n  co lo r  and rougher i n  comparison to  t h e  tub ing  

i n  the rest of t h e  b o i l e r .  

* 
Supplied by NASA. 
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(1) An ea r l i e r  r epor t  of t h e  February 17, 1968, b o i l e r  f a i l u r e ,  

described a heavy depos i t  of N a K  oxide on the  OD s u r f a c e  of t h e  s t a i n -  

less steel  tubes i n  t h e  plug region. A t  t h a t  t i m e  t he  NaK oxide was 

mechanically removed. "he roughened s u r f a c e  was probably t h e  r e s u l t  

of t he  mechanical c l ean ing  and subsequent ox ida t ion  or cor ros ion  of t h e  

s t a i n l e s s  a s  a r e s u l t .  

Metallographic examination of t h i s  a r ea  revealed some a t t a c k  on 

t h e  OD of t h e  321 s t a i n l e s s  steel tubing to  a depth of about 0.0005 inch, 

a s  shown i n  Figure 13. A g rad ien t  a n a l y s i s  f o r  i n t e r s t i a l  elements was 

obtained from t h e  i n n e r  1/3, c e n t e r  1/3, and o u t e r  1/3 of t h e  tub ing  w a l l .  

These analyses  are shown i n  Table I11 along with a g r a d i e n t  a n a l y s i s  of 

another s e c t i o n  of tubing f u r t h e r  downstream. The a n a l y s i s  of t h e  tubing 

from the  plug s e c t i o n  showed t h e  OD of t he  tube t o  be very high i n  oxygen 

(2017 ppm) and somewhat h ighe r  i n  carbon (779 ppm). 

concentrat ion a t  t h e  OD i s  be l i eved  t o  b e  a s s o c i a t e d  with t h e  observed 

a t t ack .  Sec t ions  of t h i s  tubing were noted t o  t u r n  white  a f t e r  long-term 

The high oxygen 

exposure t o  a i r .  

NaK oozing from t h e  g r a i n  boundary attack area a t  t h e  s u r f a c e  of t h e  

tubing. 1 

The whi t e  powdery coat ing r e s u l t s  from ox ida t ion  of t h e  

Photomicrographs shown i n  Figure 14 a r e  t y p i c a l  of a l l  o t h e r  areas 

of t h e  321 s t a i n l e s s  steel tubing sepa ra t ing  t h e  s t a t i c  and flowing Nag 

c i r c u i t s .  No co r ros ion  was observed, but  t h e  a r e a s  adjacent t o  t h e  su r -  

f a c e  were depleted i n  sigma with the  effect  more p reva len t  on t h e  flowing 

NaK s i d e .  A hardness t r a v e r s e  across  t h e  tube w a l l  i nd ica t ed  no hardness 

g rad ien t  as can be  seen i n  Figure 15. Microprobe scans across  t h e  sigma 

depleted zone de tec t ed  no change i n  composition, I n t e r s t i t i a l  a n a l y s i s  

of t he  o u t e r  1/3,  c e n t e r  1 /3 ,  and inne r  1 / 3  of t h e  tube w a l l  shown i n  

Table 111, showed t h e  oxygen and n i t rogen  concentrat ions t o  be  somewhat 

h ighe r  a t  t h e  su r face ,  Apparently there has been a s u b t l e  change i n  

composition a t  t h e  tube s u r f a c e  which has  prevented t h e  formation of t h e  

sigma phase, The s t a i n l e s s  steel header p l a t e s  showed no s i g n  of at tack 
o r  degradat ion from e i t h e r  t h e  s t a t i c  o r  flawing NaK s i d e s ,  During t h e  

metal lographic  examination considerable  weld shr inkage was noted i n  o n e ,  

of t h e  c e n t e r  tube welds 18 f e e t  downstream of t h e  i n l e t  header as shown 

i n  Figure 16. 

examined 

No shr inkage was noted i n  any of t h e  o t h e r  f i v e  welds 
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D. EVALUATION OF TA-IVTALUM PARTS 

The tantalum s e c t i o n  of t he  b o i l e r  s epa ra t e s  t h e  mercury and s t a t i c  

NaK systems. 

s t a i n l e s s  steel  tube. The t r a n s i t i o n  from 316 s t a i n l e s s  steel t o  tantalum 

i s  made a t  t h i s  po in t  by means of a coextruded j o i n t .  The tantalum 

d i s h e d  head connects the coextruded j o i n t  t o  the tantalum header. The 

seven tantalum boiler tubes  a r e  w e l d e d  i n t o  the header  p l a t e  along wi th  

the  o r i f i c e s ,  followed by t h e  plugs and then t h e  t u r b u l a t o r  w i r e  which 

extends t h e  remaining length  of t he  b o i l e r . t u b e s .  A s  noted e a r l i e r ,  

v i s u a l  examination of t he  tantalum p a r t s  revealed some d i s c o l o r a t i o n  but 

no s igns  of degradation. 

The mercury e n t e r s  t h e  b o i l e r  through a 2-inch-OD 316 

Metal lographic  examination of the tantalum d i s h e d  head a t  t h e  b o i l e r  

i n l e t  showed a minor amount of cor ros ion  on the  s t a t i c  NaK s i d e .  The 

a t t ack  shown i n  Figure 17 extends t o  a depth of 2 m i l s  and i s  t y p i c a l  

of oxygen assoc ia ted  a l k a l i  metal  cor ros ion  along c r y s t a l l o g r a p h i c  planes.  

The morphology of the  cor ros ion  sugges ts  the p o s s i b l e  cause a s  being 

s l i g h t  oxygen contamination of t h e  tantalum sur face .  The tantalum d i s h e d  

head a t  t h e  b o i l e r  o u t l e t  showed no s i g n  of a t t a c k  although it operated 

a t  a much h igher  temperature (approximately 1300'F as compared t o  900'F 

a t  t he  b o i l e r  i n l e t )  s i n c e  t h e  tantalum dished head a t  t h e  i n l e t  was 

replaced during a f i e l d  w e l d  repair,('' some contamination could have 

occurred a t  t h a t  time. Chemical a n a l y s i s  i n d i c a t e s  t he  oxygen concen- 

t r a t i o n  of the  tantalum at t h e  b o i l e r  e x i t  t o  be less than  10 ppm as 

compared t o  40 ppm a t  t h e  boiler i n l e t .  The d i f f e r e n c e  i n  oxygen can- 

c e n t r a t i o n  could a l s o  be explained by d i f f e r e n c e s  i n  the k i n e t i c s  of 

oxygen d i s s o l u t i o n  i n  the  a l k a l i  metal  a s  inf luenced by t h e  temperature 

d i f f e rence .  

Surface c racks  were observed on the  I D  of t h e  tantalum o r i f i c e ,  

shown i n  Figure 17. They do not  appear t o  be cor ros ion  but  r a t h e r  a 

r e s u l t  of machining, The o r i f i c e s  of t h i s  b o i l e r  were d r i l l e d  and 

not  pol ished by honing, which i s  now being employed i n  boiler manufacture, 

Metallographic examination of t h e  p r e t e s t  tantalum tubing  used 

i n  the  SN-1 b o i l e r  revealed severe  g r a i n  boundary a t t a c k  on both the  

OD and I D  as  shown i n  F igures  18 and 19, I t  i s  bel ieved the defects 

could have r e su l t ed  from su r face  contamination dur ing  process ing  and 
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subsequent acid p ick l ing .  S imi la r  g r a i n  boundary voids  have been 

observed i n  Cb-1Zr tubing processed s i m i l a r l y ;  however, t h i s  e f f e c t  is  

not  t y p i c a l  of s tandard q u a l i t y  r e f r a c t o r y  metal  tub ing ,  

The photomicrograph i n  Figure 20 of a r e p r e s e n t a t i v e  a rea  of t he  

.tantalum tube-plug assembly shows t h e  g r a i n  boundary voids  i n  t h e  tube  

while  t h e  plug shows no sign of a t t ack .  Although t h e  l i q u i d  metal  

exposure would tend t o  accentuate  t h e s e  g r a i n  boundary voids  no cor ros ion  

was observed. 

A t  t h e  e x i t  of the plug,dark gray d e p o s i t s  w e r e  noted on the I D  

of the  tantalum tube  a s  shown previous ly  i n  Figure 8, and extended 

over a length of approximately n ine  inches. A s e c t i o n  of t h e  tube  

was mounted for metal lographic  examination, but t h e  depos i t  was dissolved 

during the  po l i sh ing  process.  I t  was discovered a t  t h i s  t i m e  t h a t  t h i s  

depos i t  was water  so luble .  A s emiquan t i t a t ive  spec t rographic  a n a l y s i s  

of the  depos i t  i nd ica t ed  the  major element t o  be chromium (> 10%) wi th  

minor amounts (< 10%) of cobal t ,  i ron ,  and n icke l .  A l l  of t h e s e  elements 

wi th  t h e  except ion of t h e  cobal t  a r e  major c o n s t i t u e n t s  of s t a i n l e s s  

steel, and coba l t  i s  a major c o n s t i t u e n t  of L605. S t a i n l e s s  steel and 

L605 a re  both employed i n  the  f a c i l i t y  p ip ing ,  

Following t h e  dark gray depos i t s  a t  t h e  e x i t  of t he  plug s e c t i o n  and 

f o r  the remaining l eng th  of t h e  b o i l e r ,  a l i g h t  gray f i l m  o r  coat ing w a s  
observed on the  I D  su r f ace  (mercury s i d e )  of the  tantalum tubing.  This  

f i l m ,  shown i n  Figure 21, w a s  approximately 0.0005 inch t h i c k  and con- 

s i d e r a b l y  harder  than t h e  base metal. Microhardness measurements show 

the  f i l m  t o  have a Knoop hardness of 361 as compared t o  an average 

hardness of 100 i n  the  tantalum. It is i n t e r e s t i n g  t o  no te  t h a t  t he  

f i l m  extends down i n t o  a l a p  d e f e c t  i n  the  tantalum tubing shown i n  

Figure 22 t o  a depth of almost 4 m i l s ,  Photomicrographs of t h e  tantalum 

tubing from o t h e r  r e p r e s e n t a t i v e  areas of t h e  b o i l e r  are shown i n  

Figure 23. X-ray d i f f r a c t i o n  a n a l y s i s  of t he  f i l m  ind ica t ed  i t  t o  be  

predominantly isomorphous with t e t r a g o n a l  N i  Ta; however, X-ray 

f luorescence  ana lys i s  ind ica ted  t h e  presence of i ron ,  chromium, t i tanium, 

and some mercury i n  t h e  coa t ing  a s  w e l l  a s  n i cke l .  

3 

Microprobe ana lys i s  showed the  presence of n i c k e l  and i r o n  i n  t h i s  

coa t ing  wi th  e s s e n t i a l l y  no d i f f u s i o n  of t h e s e  elements i n t o  t h e  tantalum 
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base metal, The mass t r a n s f e r  of s t a i n l e s s  steel c o n s t i t u e n t s  occurs  

by d i s s o l u t i o n  i n  t he  mercury from t h e  s t a i n l e s s  steel f a c i l i t y  p ip ing  

and concent ra t ion  i n  t h e  bo i l ek  vapor region by d i s t i l l a t i o n .  The 

coat ing w a s  a l s o  found on the  tantalum tu rbu la to r  w i r e  which extended 

the  f u l l  l ength  of the b o i l e r ,  t he  tantalum header, t h e  d i s h e d  head, and 

the Ta/316 SS brazed t r a n s i t i o n  j o i n t  a t  t h e  b o i l e r  exi t .  Photomicro- 

graphs of t he  t u r b u l a t o r  w i r e  a r e  shown i n  Figure 24, 

Chemical ana lys i s  of t he  var ious  tantalum p a r t s  of b o i l e r  are pre- 

sented in Table I V .  From these  da t a  i t  can be  seen t h a t  t h e  conccnt ra t ion  

of n i t rogen  increases  from the  i n l e t  t o  t he  o u t l e t  of t h e  b o i l e r .  Since 

the b o i l e r  i s  a counterflow boiler, the mercury exi t  i s  h o t t e r  than 

the  mercury i n l e t .  If t h e  n i t rogen  pickup i s  d i f f u s i o n  l i m i t e d  then 

one would expect  a h igher  concent ra t ion  a t  t h e  mercury o u t l e t .  I t  i s  

assumed t h e  n i t rogen  comes from t h e  s t a i n l e s s  steel and exists i n  t he  

b o i l e r  a s  n i t rogen  s i n c e  mercury, sodium, and potassium d o  not  form 

s t a b l e  n i t r i d e s .  

On the o t h e r  hand the oxygen i s  h ighes t  a t  t h e  boiler i n l e t .  Since 

the  oxygen concent ra t ion  f a l l s  o f f  very r a p i d l y  and remains f a i r l y  

cons tan t  throughout t h e  rest of t h e  boiler, it may be t h a t  t h e  tub ing  

i n  t h i s  a r e a  was oxygen contaminated a t  t h e  t i m e  of the  f i e l d  we ld  

r e p a i r s .  A g rad ien t  a n a l y s i s  of t h e  tube from t h e  plug i n l e t  and from 

t h e  boiler e x i t  i s  shown i n  Table V. I n  both cases ,  ana lys i s  ind ica ted  

the su r face  concent ra t ion  of a l l  t he  elements was h igher  than a t  the 

c e n t e r  of t h e  tube ,  i n d i c a t i n g  su r face  contamination of both s ides .  

E, Ta/316 SS TRANSITION JOINTS 
Two Ta/316 s t a i n l e s s  steel t r a n s i t i o n  j o i n t s  were eva lua ted ;  the 

coextruded j o i n t  from t h e  b o i l e r  i n l e t  and t h e  brazed j o i n t  from the  

b o i l e r  e x i t .  Both j o i n t s  were leak  checked a f t e r  removal from t h e  b o i l e r  

and found t o  be leak  t i g h t .  Af t e r  leak  checking, t h e  j o i n t s  were Zyglo 

inspec ted .  The brazed j o i n t  showed no i n d i c a t i o n s  but t h e  coextruded 

j o i n t  revealed one ind ica t ion ,  approximately 1/4-inch w i d e  on the  OD 

of t he  j o i n t  a t  t h e  s t a i n l e s s  

i n spec t ion  and metal lographic  

s t e e l  featheredge.  The u l t r a s o n i c  

examination of t he  j o i n t s  a r e  discussed 

i n  the fol lowing s e c t i o n s .  
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1. Ul t rasonic  Inspec t ion  

scan recordings were obtained from the  in spec t ion  of t he  

Ta/316 s t a i n l e s s  steel  t r a n s i t i o n  j o i n t s .  

method was developed under con t r ac t  NAS 3-llS46(4) f o r  measuring the  

q u a l i t y  of tongue-in-groove braze j o i n t s  

This  u l t r a s o n i c  in spec t ion  

The tongue-and-grooved s tandard contained re ference  d e f e c t s  of 

0.005 inch,  0.010 inch, 0.020 inch, and 0,050 inch a t  both t h e  I D  braze 

i n t e r f a c e  and the  OD braze i n t e r f a c e .  These defects were used t o  c a l i -  

b r a t e  t h e  Sperry No. 721, Ul t rasonic  Flaw Detector .  

The two j o i n t s  were u l t r a s o n i c a l l y  scanned us ing  t h e  water  immersion 

technique w h i l e  being ro t a t ed  i n  a small  l a t h e .  

The eva lua t ion  was performed us ing  a N o .  721 Flaw Detector,  50 W 

Broadband Pulser /Receiver  and a 25 and 15 MH2 (megacycle) search  u n i t s .  

The search  u n i t s  were 

and 1.35-inch and 2.17-inch water  pa ths  and 0.012-inch and 0.020-inch 

I1  BB" s t y l e s ,  having 3/8-inch-diameter c r y s t a l s  

beam diameters,  respec t ive ly .  Recording of i nd ica t ions  was accomplished 

using an E lec t ron ic  Associates,. f l a t  bed, x-y recorder. 

The "Modified A-Scan" recordings obtained from the  in spec t ion  of 

t h e  brazed j o i n t  produced s e v e r a l  i n d i c a t i o n s  g r e a t e r  than that obtained 

from a 0.010-inch-diameter c a l i b r a t e d  hole. These ind ica t ions  were 

exc lus ive ly  from the  inne r  annulus o r  the  w i d e  braze s e c t i o n  of the  

j o i n t  e 

The u l t r a s o n i c  in spec t ion  of t h e  coextruded j o i n t  v e r i f i e d  t h e  

Zyglo i n d i c a t i o n  and showed t h e  de fec t  t o  be approximately 1/4 inch w i d e  

and 100 m i l s  long. One small  i n t e r n a l  d e f e c t  was a l s o  ind ica t ed  by 

u l t r a s o n i c  in spec t ion  approximately 1/4 inch back from the 316 s t a i n l e s s  

steel featheredge e 

("S . R .  Thompson, J . D. Marble and R .  A - Ekval l ,  "Developmcnt o P  Op1. i IIIUIII 

Fabr ica t ion  Techniques f o r  Brazed Ta/Type 316 SS Tubular T rans i t i on  
J o i n t s  , * *  NASA Contract  NAS 3-11846, GESP-521 e 
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2 .  Metallographic Examination 

P repa ra t ion  of t h e  brazed j o i n t  f o r  t h e  m i c r o s t r u c t u r a l  examination 

of l ong i tud ina l  planes required s p e c i a l  p repa ra t ion  because of r e s i d u a l  

stresses p resen t  i n  t h e  tongue-and-groove a r e a  which can produce c a t a s t r o -  

phic f a i l u r e  of t h e  braze a l l o y  during l o n g i t u d i n a l  s ec t ion ing .  To 

overcome t h i s  d i f f i c u l t y ,  t h e  e n t i r e  assembly was encased i n  thermal 

s e t t i n g  p l a s t i c  before  sec t ion ing .  The mounting m a t e r i a l  thus provided 

t h e  required support  i n  t h e  braze a r e a  and prevented f a i l u r e  during 

sec t ion ing .  The same procedure was used on t h e  coextruded j o i n t s .  

When sec t ion ing  t h e  j o i n t s ,  l o n g i t u d i n a l  c u t s  w e r e  made 1/8 inch 

away from t h e  plane t o  be viewed. The specimens w e r e  then ground back 

t o  i t  before  f i n a l  pol ishing.  Three l o n g i t u d i n a l  s e c t i o n s  from each 

j o i n t  w e r e  s e l ec t ed  f o r  metal lographic  examination. From the  brazed j o i n t  

one specimen was s e l e c t e d  from t h e  worst area,  one from t h e  b e s t  area,  

and one from an intermediate  a rea  a s  determined from t h e  u l t r a s o n i c  

inspect ion.  From t h e  coextruded j o i n t ,  one specimen was s e l e c t e d  from 

t h e  a rea  of t h e  d e f e c t  on t h e  OD of t h e  j o i n t  a t  t h e  316 s t a i n l e s s  steel  

featheredge, one was selected from t h e  a rea  of t h e  i n t e r n a l  d e f e c t ,  and 

one was se l ec t ed  from a sound a r e a r  

The photomicrographs i n  Figure 25 show t h e  s e p a r a t i o n  a t  t h e  f e a t h e r -  

edge of t h e  316 s t a i n l e s s  steel from t h e  tantalum on t h e  OD of t h e  co- 

extruded j o i n t .  The photomicrograph shows t h e  s e p a r a t i o n  t o  be 0.016 inch 

long ,  Although t h e  specimen mounted t o  view the  i n t e r n a l  de fec t  i nd ica t ed  

by the  u l t r a s o n i c  in spec t ion  w a s  ground back s e v e r a l  times i n  an attempt 

t o  l o c a t e  t h e  defect .  It was n o t  found. The only d e f e c t  observed i n  

t h e  t h r e e  specimens was t h e  one on t h e  OD of t h e  j o i n t  a t  t h e  316 s t a i n -  

less steel  featheredge.  The photomicrograph shown i n  Figure 26 is  t y p i c a l  

of t h e  Ta/316 s t a i n l e s s  s teel  i n t e r f a c e .  As can be seen, t h e r e  is  a d i s -  

continuous phase present a t  t h e  i n t e r f a c e ,  but it is less than 0.0001 inch 

t h i c k  and apparent ly  had no de t r imen ta l  e f f e c t  on t h e  j o i n t .  The hardness 

t r a v e r s e  ac ross  t h e  coextruded j o i n t  shown i n  Figure 27 i n d i c a t e s  a f avor -  

ab le  hardness p r o f i l e  

Metallographic examination of t h e  t h r e e  specimens from t h e  brazed 

j o i n t  showed t h e  j o i n t  t o  be completely f i l l e d  wi th  braze a l l o y  and 
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t o  have very l i t t l e  microshrinkage i n  it. 

micrograph i n  Figure 28  from the  wors t  area of t h e  j o i n t ,  one void  approxi- 

mately 0.003 inch i n  diameter i s  shown. Several o t h e r  considerably smaller 

voids  are p resen t  b u t  nothing c l o s e  t o  the  0,010-inch-diameter vo ids  in-  

d i ca t ed  by the  u l t r a s o n i c  in spec t ion ,  The o t h e r  two meta l lographic  

specimens a l s o  showed some microshrinkage voids  (less < 0.002 inch)  b u t  

t o  a lesser degree. 

A s  can be seen  from the  photo- 

A microhardness t r a v e r s e  across  the  brazed j o i n t  i s  shown i n  Figure 

29. It  appears from t h i s  survey t h a t  some d i f f u s i o n  of t h e  braze a l l o y  

i n t o  t h e  316 SS from t h e  w i d e  brazed s i d e  has  occurred. Di f fus ion  from 

the  narrow braze s i d e  was apparent ly  l i m i t e d  by t h e  amount of braze  

a l l o y  present .  

t he  hardness recorded f o r  as-brazed specimens. (4) This  inc rease  of t h e  

braze hardness  and increased hardness of t h e  316 s t a i n l e s s  steel  tongue 

does n o t  appear t o  be  de t r imen ta l  t o  the  j o i n t .  

The hardness of t he  w i d e  braze is  somewhat h igher  than 
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111. SUMMARY 

P o s t t e s t  eva lua t ion  of t h e  SN-1 b o i l e r  m a t e r i a l s  fo l lowing  t e s t i n g  

has ind ica t ed  t h e  exce l l en t  compa t ib i l i t y  of t h e  s e l e c t e d  m a t e r i a l s  wi th  

l i q u i d  metals a t  high temperatures .  No major co r ros ion  or degrada t ion  

was observed i n  any of t h e  b o i l e r  components, and a l l  i n d i c a t i o n s  point  

t o  design l i f e  c a p a b i l i t y  (40,000 hours ) .  I n  summary, t h e  fo l lowing  

observa t ions  were made i n  regard t o  t h e  var ious  components of t h e  b o i l e r .  

Some embrit t lement of t h e  ou te r  s t a i n l e s s  steel  shel l  did occur but 

was not de t r imen ta l  t o  the b o i l e r  ope ra t ion .  The 321 s t a i n l e s s  s t e e l  tube ,  

s epa ra t ing  the  s ta t ic  and flowing N a K  systems, w a s  i n  exce l l en t  condi t ion  

except i n  t he  plug s e c t i o n  which showed some su r face  a t t a c k  (0.0005-inch) 

on t h e  OD. 

The tantalum dished head a t  t h e  b o i l e r  i n l e t  showed a minor amount 

of a l k a l i  metal cor ros ion  on t h e  s t a t i c  NaK s i d e ,  which is  be1ieve.d t o  

have been caused by s l i g h t  oxygen contamination of t h e  tantalum su r face  

dur ing  t h e  replacement of the  dished head during a f i e l d  weld r e p a i r .  

A phase i d e n t i f i e d  as predominantly isomorphous wi th  tegragonal  

NigTa but a l s o  conta in ing  i r o n ,  chromium, t i t an ium,  n i cke l ,  and mercury 

w a s  found on t h e  t u r b u l a t o r  w i r e  and on t h e  I D  s u r f a c e  (mercury s i d e )  of 

t h e  tantalum tubing .  The phase was approximately 1/2 m i l  t h i c k  and a 

r e s u l t  of mass t r a n s f e r  of the s t a i n l e s s  steel c o n s t i t u e n t s  e 

Both t h e  coextruded j o i n t  a t  t h e  b o i l e r  i n l e t  and the brazed j o i n t  

a t  t h e  b o i l e r  e x i t  were i n  e x c e l l e n t  cond i t ion .  N o  d e l e t e r i o u s  e f f e c t s  

were observed due t o  t h e  exposure t o  mercury or NaK.  
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Figure 3, Appearance of the Zirconium Getter Bundle Removed From Around the 
Coextruded Joint at the Boiler Inlet - Chemical Analysis Indicated 
High Hydrogen Concentration, (P70-1-12F & H) 
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Figure 4 .  Appearance of t he  Boi le r  Exi t  wi th  the  Outer S t a i n l e s s  S t e e l  S h e l l  
Removed. (Upper P70-1-12D9 Lower P70-1-12E) 
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Figure 6 ,  I D  of 321 Stainless Steel Tube Exposed to Static NaK at  Distances 
Marked From the Header at the Boiler Inlet.  (P70-3-14C) 
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Figure 7. ID of Tantalum Tube Exposed t o  Mercury a t  Distances Marked From 
the  Header a t  t he  Boi le r  I n l e t .  (P70-3-14D) 
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H24041C Etchant: 10% Oxalic 

Figure 10. Microstructure of the 316 Stainless Steel Outer Tube Shell 
at the NaK Inlet of SNAP-8 SN-1 Boiler. 
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H23041C Etchant: 30NH4F, 5OHNO3, 20H20 

Figure 16. Weld Shrinkage in a Butt Weld in the 321 Stainless Steel Tubing 
Separating the Static and Flowing NaK Circuits 18 Feet Downstream 
From the Boiler Inlet 
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N a K  C O R R O S I O N  O N  THE 
S T A T l C  N a K  S I D E  OF THE 
T A N T A L U M  D I S H E D  H E A D  

TANTALUM DISHED HEAD 

TANTALUM 
HEADER 

AT Hg INLET 

-. 
ORIFICE 

C R A C K S  A T  THE S U R F A C E  
OF THE O R I F I C E  

( T R A N S V E R S E  S E C T I O N )  

H06051 C AS POLISHED 

Figure 17. Posttest Microstructures of the Tantalum at the Boiler Inlet. 
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H24021A ETCHANT: 30NH4F, 50HNO3, 20H20 

Figure 19. Tantalum Tube - 0.670" ID x 0.040" Wall Used in the Construction o f  the 
SNAP-8 SN-1 Boiler in the Pretest Condition, 
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H19031A ETCHANT: 30%NHqF, 5O%HNO3, 20%H20 

Figure 20. Tantalum Tube - Plug Assembly a t  Plug Exi t .  
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H06041 A AS POLISHED 

Figure 21, The Surface Coating on the Mercury Side of t h e  Tantalum Tubing 
i n  the  Vapor Region of the  Boi le r .  
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H 2 4 0 1 1  B ETCHANT: 30NH4F, 50HNO3, 20H20 

H24011A AS POLISHED 

Figure 24, The Surface Coating on t h e  Ta-1OW Turbula tor  Wire. 
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H 9 2 0 2  1B ETCHANT: NH4F 
hn03 
H 2 0  

H 9 2 0 2 1 A  AS POLISHED 

Figure 25. Separa t ion  of 316 S t a i n l e s s  S t e e l  Feather-Edge 
From Tantalum on OD of Coextruded J o i n t  From 
I n l e t  of SN-1 Boi le r .  
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H9204 1B ETCHANT: NH4F 
hn03 
H20 

Figure 26. Tantalum - 316 S t a i n l e s s  S t e e l  I n t e r f a c e  
of Coextruded J o i n t  From I n l e t  a t  SN-1 
Bo i l e r  
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Figure 28, Microstructure of the Ta/316 SS Brazed Joint From Mercury Exit of 
SN-1 SNAP-$ Boiler at the Location With the Most Defects as Indicated 
by Ultrasonic Inspection, (H91031A, B, C, D) 
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